Vanadate has insulin-like activity in vitro and in vivo. To characterize the in vivo mechanism of action of vanadate, we examined meal tolerance, insulin-mediated glucose disposal, in vivo liver and muscle glycogen synthesis, and in vitro glycogen synthase activity in 90% partially pancreatectomized rats. Four groups were studied: group I, sham-operated controls; group II, diabetic rats; group III, diabetic rats treated with vanadate; and group IV, diabetic rats treated with phlorizin. Insulin sensitivity, assessed with the euglycemic hyperinsulinemic clamp technique in awake, unstressed rats, was reduced by -28% in diabetic rats. Both vanadate and phlorizin treatment completely normalized meal tolerance and insulin-mediated glucose disposal. Muscle glycogen synthesis was reduced by -80% in diabetic rats (P < 0.01) and was completely restored to normal by vanadate, but not by phlorizin treatment. Glycogen synthase activity was reduced in skeletal muscle of diabetic rats (P < 0.05) compared with controls and was increased to supranormal levels by vanadate treatment (P < 0.01). Phlorizin therapy did not reverse the defect in muscle glycogen synthase.
Introduction
The insulin-mimetic properties of vanadate were described in isolated adipocytes by Dubyak and Kleinzeller (1) and Schechter and Karlish (2) in 1980. Since then, numerous reports have elucidated the intracellular mechanism(s) whereby vanadate mimics insulin action in adipocytes (1) (2) (3) (4) (5) (6) , skeletal muscle (7, 8) , hepatocytes (9-1 1), and other cell types (12, 13).
Heyliger et al. (14) first proposed the in vivo insulin-like activity ofthe element, because its oral administration normal-ized the plasma glucose concentration in streptozocin-diabetic rats, without significant increase in the plasma insulin concentration. Recently, Meyerovitch et al. ( 15) further characterized the mode of action of vanadate in diabetic rats by suggesting that the improvement in the basal rates of hexose uptake in liver and skeletal muscle was primarily responsible for the reduction in circulating plasma glucose level. However, the relative contribution of each of the various intracellular actions of vanadate (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) to its in vivo blood glucose lowering effect has yet to be delineated.
We have recently demonstrated that the correction of chronic hyperglycemia with phlorizin ( 16, 17) , an inhibitor of renal tubular glucose reabsorption, completely reverses the defect in insulin-mediated glucose disposal, which characterizes the partially pancreatectomized diabetic rats. In this study, we use vanadate and phlorizin as tools to further delineate the intracellular defect(s) in insulin-mediated glucose metabolism in an animal model of non-insulin-dependent diabetes mellitus.
The effect of prolonged vanadate therapy on plasma glucose and insulin concentrations, whole body insulin-mediated glucose uptake, in vivo muscle glycogenic rates, and in vitro glycogen synthase activity is examined in partially pancreatectomized rats. To dissect out the beneficial effects ofthe correction of chronic hyperglycemia (16, 17) from the specific in vivo action(s) of vanadate, we compare diabetic rats treated with phlorizin, which corrects hyperglycemia but is devoid of any known insulin-mimetic properties, or with vanadate.
Our results indicate that the glycogenic pathway in skeletal muscle is severely impaired in diabetic rats and is the major site of the in vivo effects of vanadate on glucose metabolism.
Methods
Animals. Four groups of male Sprague-Dawley rats (Charles River Breeding Laboratories, Wilmington, MA) were studied: group I, sham-operated controls (n = 9); group II, partially pancreatectomized rats (n = 9); group III, partially pancreatectomized rats treated with vanadate (n = 9); group IV, partially pancreatectomized rats treated with phlorizin (n = 7). When 3-4 wk old, all rats (80-100 g) were anesthetized with phenobarbital (50 mg/kg body wt i.p.) and in groups II, III, and IV 90% of their pancreas was removed according to the technique of Foglia (18) , as modified by Bonner-Weir et al. (19) . Group I underwent a sham pancreatectomy in which the pancreas was disengaged from the mesentery and gently rubbed between the fingers. Sodium metavanadate (0.2 mg/ml in drinking water) or phlorizin (0.4 g/kg body weight s.c., prepared as a 40% solution in propylene glycol) treatment (groups III and IV, respectively) was initiated 2-3 wk after surgery and was continued for 3 wk. The vanadate concentration was adjusted every 3 d to maintain the plasma glucose level between 100 and 150 mg/dl.
Immediately after surgery (i.e., pancreatectomy or sham pancreatectomy) rats were housed in individual cages and subjected to a standard light (6 a.m. to 6 p.m.)/dark (6 p.m. to 6 a.m.) cycle. Based on prior experience, rats received the identical daily allotment of Purina Rat Chow (Ralston-Purina Co., St. Louis, MO) in an amount (0.1 g/gram body weight per d) that sustained normal growth and was completely consumed by all of the animals.
After surgery, rats were weighed twice weekly and tail vein blood was collected for the determination of fed plasma glucose concentration at the same time (8 a.m.). A fasting plasma glucose concentration also was determined twice weekly on tail vein blood.
Euglycemic clamp study. Insulin-mediated whole body glucose uptake was measured in awake unstressed chronically catheterized rats using the euglycemic clamp in combination with [3H]3-glucose infusion, as previously described (16, 20) . Briefly, 5 wk after pancreatectomy or sham-pancreatectomy rats were anesthetized with an intraperitoneal injection of phenobarbital (50 mg/kg body wt) and indwelling catheters were inserted in the right internal jugular vein and in the left carotid artery. The venous catheter was extended to the level of the right atrium and the arterial catheter was advanced to the level of the aortic arch ( 16, 17 ( 16, 20) .
Plasma samples for determination of [3H]3-glucose specific activity were obtained at 5-10-min intervals throughout the insulin clamp study. Plasma samples for determination ofplasma insulin and plasma glucagon concentrations were obtained at time -30, 0, 60, 90, and 120 min during the study. At the end of the 120-min study rats were injected with phenobarbital (60 mg/kg body wt), the abdomen was quickly opened, and the rectus abdominal and hindlimb muscle were freeze-clamped with aluminum tongs precooled in liquid nitrogen. All tissue samples were kept frozen at -80°C for subsequent analysis. The absence of glycosuria was ascertained at the end of each euglycemic clamp study.
The study protocol was reviewed and approved by the Yale Animal Care and Use Committee.
Glycogen formation in vivo. Muscle glycogen synthesis was quantitated by two independent means: first, by determining the increment in cold glycogen concentration above fasting levels, and second, by measuring the incorporation of [3H]3-glucose counts into glycogen.
Liver and muscle glycogen concentrations were determined after digestion with amyloglucosidase as previously described (21) . The intraassay and the interassay coefficients of variation (CV) were initial 30 min after starting insulin, the plasma-tritiated glucose specific activity is not constant and blood was drawn every 5 min to define accurately the mean specific activity during this time period. This number was time-averaged with the mean tritiated glucose during the last 90 min of the insulin clamp to calculate the glycogen synthetic rate (Fig. 2) .
Kinetic analysis ofmuscle glycogen synthase. The standard glycogen assay used is a modification (22, 23) of the method of Gilboe et al. (24) and Thomas et al. (25) and is based on the measurement of the incorporation ofradioactivity into glycogen from UDP-U-['4C]glucose (UDPG) .' Synthase I, the active form, was measured at a final concentration of 0. I mM glucose-6-P, whereas synthase D, or total enzyme, was measured in the presence of 10 mM glucose-6-P. The reaction mixtures originally contained 50 mM Tris, pH 7.8, 10% glycerol, 20 mM EDTA, 130 mM KF, 7 mg/ml oyster glycogen, and UDPG (0. [1] [2] ,gCi/,gmol). This was diluted with muscle homogenate to two-thirds of the original concentrations. Assays were conducted at final concentrations of 0.1, 0.3, 0.8, 2.0, 5.0, and 10 mM UDPG, the data were linearized as Eadie-Hofstee plots and fit using linear regression. The Km for UDPG was taken to be the reciprocal of the slope, whereas Vmax was the y-intercept divided by the slope.
Analyticalprocedures. Plasma glucose was measured by the glucose oxidase method (glucose analyzer; Beckman Instruments, Palo Alto, CA) and plasma insulin by RIA using rat insulin standards. Plasma
[3H]3-glucose radioactivity was measured in duplicate on the supernatants of barium hydroxide-zinc sulphate precipitates (Somogyi procedure) of plasma samples after evaporation to dryness to eliminate tritiated water.
Calculation. Data for total body glucose uptake and suppression of hepatic glucose production represent the mean values during the last 30 min. The hepatic glucose production was calculated as the difference between the tracer-derived rate of appearance and the infusion rate of glucose. Total body glucose disposal was calculated by adding the rate ofresidual hepatic glucose production during the last 30 min of each insulin clamp to the glucose infusion rate during the same 
Results
General characteristics of the animals (Table I and Fig. 1 ).
There were no differences in the mean body weights among groups I-IV (Table I) . Both the fasting (P < 0.05) and postmeal (P < 0.01) plasma glucose concentrations during the 2-wk period before the insulin clamp study were significantly higher in the diabetic group (II) than in the other three groups (I, III, and IV) ( Table I, Fig. 1 ). The fasting plasma insulin and glucagon concentrations were similar in all four groups, whereas the postmeal plasma insulin concentration was significantly and equally diminished in diabetics, vanadate-treated, and phlorizin-treated diabetic (groups II, III, and IV) compared with controls (group I) (P < 0.01).
Euglycemic hyperinsulinemic clamp (Figs. 2 and 3 , Table  II ). Steady state plasma glucose and insulin concentrations during the hyperinsulinemic clamp were similar in all four groups (Table II) . The CVs in plasma glucose and insulin levels were < 5 and 10%, respectively, in all four groups. In diabetic rats (group II), insulin-mediated glucose uptake was reduced by 28% (P < 0.01) compared with controls (group I). Vanadate and phlorizin treatment of diabetic rats (group III and IV, respectively) completely restored tissue sensitivity to normal (Fig. 3) .
Plasma glucagon concentration and residual hepatic glucose production during the insulin clamp study were not sig- nificantly different in any of the four experimental groups (Table II) . Muscle glycogen synthesis (Fig. 4, A and B) . The fasting muscle glycogen concentration was similar in groups I-IV and was 0.549±0.009 (n = 7) in group I, 0.533±0.010 (n = 8) in group II, 0.539±0.012 (n = 6) in group III, and 0.546+0.009 g% (n = 6) in group IV.
The muscle glycogen concentration (Fig. 4 A) at the end of the insulin clamp study was significantly reduced in diabetic rats (group II) compared with controls (group I) (0.629±0.019 vs. 0.898±0.025 g%; P < 0.01), and restored to normal (0.852±0.022 g%) by vanadate (group III), but not by phlorizin (0.679±0.016 g%; P < 0.01) treatment (group IV). In response to insulin, muscle glycogen synthesis, estimated from the increment in cold glycogen concentration as well as from the tracer-derived glycogenic rate (Fig. 4 B) Liver glycogen concentrations (Fig. 5) . The fasting and postinsulin liver glycogen concentrations were significantly higher in all diabetic groups (II, III, and IV) than in controls (I) (Fig. 5) . However, after the insulin clamp study, no significant increment above basal could be detected in any of the experimental groups.
Muscle glycogen synthase (Fig. 6 , A and B and Table III ). The activity of glycogen synthase I (active) and D (total) were measured as a function of UDPG in muscle homogenates taken from rats in groups I-IV after the completion of the insulin clamp. The data for synthase I are presented as EadieHofstee plots in Fig. 6 A and for synthase D in Fig. 6 B. The parameters Km (UDPG) and Vmax are estimated from the slope of each line and its y-intercept, and are reported in Table III . The Vmax for both the I and D forms is depressed by pancreatectomy (group II) and is not affected by phlorizin treatment (group IV). Vanadate (group III) treatment, on the other hand, elevates the glycogen synthase Vma. above that for normal rats (group I). The Km (UDPG) is similar in all groups, and probably reflects synthase activation by insulin during the clamp.
Discussion
Insulin resistance is a prominent feature ofdiabetes mellitus in both man (26) (27) (28) (29) and animals (16, (30) (31) (32) (33) (34) (35) . Glucose storage is a major determinant of insulin-mediated glucose disposal (36, 37) and muscle tissue is responsible for the majority of the glucose uptake under euglycemic hyperinsulinemic conditions (38, 39). Thus, it is important to define the role, ifany, that the glycogenic pathway plays in the impaired insulin-mediated glucose uptake characteristic of the diabetic state.
In (16, 17) . As shown in Fig. 1 , the treatment of diabetic rats with either vanadate or phlorizin completely normalized the meal tolerance without affecting the plasma insulin concentrations (Table I) . However, whereas phlorizin decreases plasma glucose concentrations by inducing a state of persistent glycosuria ( 16) , it has been suggested that vanadate mimics insulin action directly at the cellular level (15) . Tissue sensitivity to insulin, quantitated 6 wk after pancreatectomy using the euglycemic clamp technique, was reduced by 28% (P < 0.01) in the diabetic rats (group II)'compared with controls (group I) (Fig. 3 ). This decrease is quite similar to that we previously reported in the same diabetic rat model at lower insulin concentrations (16) . The correction of chronic hyperglycemia by either vanadate or phlorizin treatment completely normalized the whole body glucose uptake (Fig. 3) . As shown in Table II , no differences among groups could be detected in hepatic glucose production and plasma glucagon concentrations during the insulin clamp study.
Altogether, these data demonstrate that both vanadate and phlorizin treatment can completely correct the defect in peripheral insulin-mediated glucose disposal that characterizes the partially pancreatectomized rat model. However the intracellular mechanism(s) whereby vanadate and phlorizin exert their beneficial effect on glucose disposal could not be determined.
Because incorporation of glucose into skeletal muscle glycogen is a major fate of an infused glucose load under eu- (Fig. 4 A) at the end of the insulin clamp were severely reduced in diabetic rats compared with controls (P < 0.01). The correction of hyperglycemia with vanadate restored muscle glycogen levels to normal, whereas phlorizin treatment was unable to normalize the muscle glycogen concentrations. The difference between vanadate-and phlorizin-treated animals is particularly interesting because the whole body glucose disposal was similar in these two groups.
To quantitate the skeletal muscle glycogenic rates, we infused tritiated glucose during the euglycemic clamp and measured the time-course plasma glucose-specific activity as well as the incorporation of 3H counts into muscle glycogen at the end of the study. Moreover, because the muscle glycogen concentration after 24 h of fasting was similar in all rats, it was possible to calculate the muscle glycogen synthetic rates from the cold glycogen concentrations as well. The results from these two independent measurements of glucose incorporation into glycogen (Fig. 4 B) again confirmed that the insulin-stimulated glycogen repletion was severely impaired in diabetic rats and was completely restored to normal by the treatment with vanadate, but not with phlorizin. Because muscle mass in the rat represents 40% of the body weight (43, 45) , it is possible to calculate the contribution of skeletal muscle glycogen synthesis to the whole body glucose uptake. In normal rats (group 1), 35% of the tissue glucose uptake (Fig. 7) can be accounted for by muscle glycogen repletion, while in diabetic rats only 10-15% of the rate of disappearance (Rd) was accounted for by muscle glycogen deposition. The difference in glucose incorporation into glycogen (8.62 mg/kg per min) between control and diabetic rats can account for 90% of the impairment in whole body glucose uptake (Fig. 7) suggests that the impairment in the glycogenic pathway in skeletal muscle is indeed the major intracellular defect in the partially pancreatectomized diabetic rat. However, because we did not measure the oxidative and nonoxidative glycolytic fluxes these data cannot definitely exclude the presence of additional intracellular defects in the oxidative pathway. Moreover, it has to be emphasized that the rate-limiting step for insulin-mediated glucose disposal can vary in the function of the plasma insulin concentrations (46) . After vanadate therapy, muscle glycogen formation represented 32% of the Rd similarly to what observed in control rats (Fig. 7) , whereas after phlorizin, only 13% of the glucose uptake could be accounted for by muscle glycogen synthesis. Because the meal tolerance as well as the insulin-mediated glucose disposal were equally normalized by either vanadate or phlorizin treatment, but the improvement in muscle glycogen repletion was observed only after vanadate, this latter effect has to be considered specific of the element and independent from the correction of the hyperglycemic state.
Additionally, this finding also seems to validate previous observations (47) that the plasma glucose concentration influences insulin sensitivity primarily by up-and downregulating the glucose transport system. In fact, whereas 100% of the improvement in insulin-mediated glucose disposal was due to the enhanced muscle glycogen deposition in the vanadatetreated animals, only 22% of the increase in glucose uptake was represented by augmented glucose storage in skeletal muscle after phlorizin therapy, suggesting that phlorizin corrects the defect in glucose transport, but not the intracellular defect in glycogen synthesis.
To determine if the observed effects of vanadate treatment were mediated by allosteric changes in the rate-limiting en- Figure 7 . Contribution of the muscle glycogen synthesis to the whole body tissue glucose uptake during the euglycemic clamp in controls (CON; group I); diabetic (PANX; group II); diabetic treated with vanadate (PANX + VAN; group III); and diabetic treated with phlorizin (PANX + PHLOR; group IV). The whole body muscle glycogenic rates displayed in this figure are obtained from the data shown in Fig. 4 B assuming that total body muscle mass in the rat is 40% of the body weight (43) (44) (45) .
zyme of the glycogenic pathway, we performed a kinetic analysis of the rectus muscle glycogen synthase. The enzyme assay was conducted in homogenate of tissue obtained at the end of the insulin clamp study. Therefore, it reflects the status of the enzyme after prolonged in vivo insulinization. The Vmax, I and D, were significantly reduced in diabetic rats compared with controls (P < 0.05). Vanadate-treated diabetic rats displayed a Vmax increased beyond the control level, whereas the phlorizin-treated group had Vmax similar to that of untreated diabetic rats ( Fig. 6 and Table III ). These results demonstrate that a significant reduction in glycogen synthase Vmax persisted after 2 h of in vivo insulinization in skeletal muscle of diabetic rats. More importantly, perhaps, vanadate therapy increased the Vmax of the skeletal muscle glycogen synthase to supranormal levels. This effect cannot be ascribed to the correction of the hyperglycemia per se because phlorizin treatment had no direct influence on the kinetics of the enzyme. The potentiation of insulin action on skeletal muscle glycogen synthase after in vivo vanadate administration is consistent with recent observations in isolated adipocytes (3, 4) . The similar kinetics of the glycogen synthase in untreated and phlorizin-treated diabetic rats seem to suggest that the rate of glucose disposal does not influence the enzyme activity under these in vivo conditions, because phlorizin normalizes tissue glucose uptake but does not improve glycogen synthase activity.
In conclusion, these results demonstrate that an impairment in skeletal muscle glycogen synthesis is a major determinant of insulin resistance in 90% partially pancreatectomized rats, and vanadate, but not phlorizin, selectively reverses the defect in the glycogenic pathway by stimulating the Vmax of the enzyme glycogen synthase.
